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Superconducting and normal-state properties of the noncentrosymmetric
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We systematically investigate the normal and superconducting properties of non-centrosymmetric
Re6Zr using magnetization, heat capacity, and electrical resistivity measurements. Resistivity mea-
surements indicate Re6Zr has poor metallic behavior and is dominated by disorder. Re6Zr un-
dergoes a superconducting transition at Tc = (6.75 ± 0.05) K. Magnetization measurements give a
lower critical field, µ0Hc1 = (10.3 ± 0.1) mT. The Werthamer-Helfand-Hohenberg model is used to
approximate the upper critical field µ0Hc2 = (11.2 ± 0.2) T which is close to the Pauli limiting field
of 12.35 T and which could indicate singlet-triplet mixing. However, low-temperature specific-heat
data suggest that Re6Zr is an isotropic, fully gapped s-wave superconductor with enhanced electron-
phonon coupling. Unusual flux pinning resulting in a peak effect is observed in the magnetization
data, indicating an unconventional vortex state.
I. INTRODUCTION
In superconductors, the inversion symmetry of the
crystallographic structure plays a central role in the for-
mation of the Cooper pairs. In conventional supercon-
ductors, each Cooper pair is formed from two electrons
which belong to the same Fermi surface with a symmet-
ric orbital state and an antisymmetric spin state. The
discovery of superconductivity in CePt3Si, a material
which lacks inversion symmetry, has generated consider-
able experimental and theoretical interest in the physics
of noncentrosymmetric (NCS) superconductors1–3. The
absence of inversion symmetry in NCS materials intro-
duces an antisymmetric spin-orbit coupling4,5 which can
result in a splitting of the spin-up and spin-down conduc-
tion electron energy bands. This splitting of the Fermi
surface, lifting the degeneracy of the conduction elec-
trons, may result in a superconducting pair wave func-
tion that is an admixture of spin-singlet and spin-triplet
states, although there are several examples of NCS super-
conductors where it has been established that the order
parameter is not unconventional, for example, BiPd6 and
PbTaSe2
7. Singlet-triplet mixing can lead NCS materials
to display significantly different properties from conven-
tional superconducting systems, for example, the triplet
pairing seen in Li2(Pd,Pt)3Si
8–11, and upper critical fields
close to or exceeding the Pauli limiting field observed in
Mo3Al2C
123 Re3W
13, Ca(Ir,Pt)Si3
14, Li2(Pd,Pt)3Si
8–11,
LaRhSi3
15, Nb0.18Re0.82
16, Y2C3
17, and Mg10Ir19B16
18.
Noncentrosymmetric superconductors are prime can-
didates to exhibit time-reversal symmetry (TRS) break-
ing. Until recently, however, this rare phenomenon
had been observed directly in only a few unconven-
tional centrosymmetric superconductors, for example,
PrPt4Ge12
19, Sr2RuO4
20,21, (Pr,La)(Os,Ru)4Sb12
22,23,
UPt3 and (U,Th)Be13
24–27, and LaNiGa2
28 and the cage-
type superconductors Lu5Rh6Sn18
29, while no sponta-
neous magnetization associated with TRS breaking had
been reported in any of the NCS materials mentioned
above.
Recently, this situation has changed, and several NCS
superconductors have been reported to show TRS break-
ing. In the first of these, LaNiC2, symmetry analy-
sis implies that the superconducting instability is of the
nonunitary triplet type, with a spin-orbit coupling that
is comparatively weak and with mixing of singlet and
triplet pairing being forbidden by symmetry30,31. TRS
breaking was also found in La7Ir3, with measurements
of the superconducting gap indicating that it is isotropic
with a superconducting ground state that is dominated
by an s-wave component32.
Re6Zr is a member of the α-Mn family of intermetal-
lic compounds33 and has a noncentrosymmetric cubic
structure, space group I 4¯3m. We have previously re-
ported the results of muon spin relaxation (µSR) mea-
surements on Re6Zr, showing that TRS is broken in this
material. A theoretical analysis of the possible pairing
states demonstrated that a mixing of spin-singlet and
spin-triplet pairing is possible in this noncentrosymmet-
ric superconducting compound33,34. Here, we present a
comprehensive characterization of the normal and super-
conducting states of this intermetallic compound through
studies by magnetization, electronic transport, and heat
capacity. We estimate several normal state parameters
of Re6Zr such as the electronic specific-heat contribution
γn, residual resistivity ρ0, and the hyperfine contribution
to the specific heat. Using the electronic-transport and
heat-capacity measurements, we estimate the Debye tem-
perature by using the parallel-resistor model, the Debye
lattice contribution to the specific heat at low tempera-
ture, and the Debye-Einstein model. Several supercon-
ducting parameters, including the lower and upper crit-
ical fields Hc1 and Hc2, the coherence length ξGL, and
the penetration depth λGL, are estimated. The specific-
heat jump ∆C/γnTc, the superconducting gap ∆0/kBTc,
and the temperature dependence of the specific heat at
low-temperature suggest that Re6Zr is an isotropic, fully
gapped s-wave superconductor with enhanced electron-
phonon coupling. We also present evidence of unusual
flux pinning not normally seen in low-Tc systems.
2II. EXPERIMENTAL DETAILS
Polycrystalline samples of Re6Zr were prepared by arc
melting stoichiometric quantities of high-purity (4N) Zr
and Re in an arc furnace under an argon (5N) atmo-
sphere on a water-cooled copper hearth. The sample
buttons were melted and flipped several times to ensure
phase homogeneity. The observed weight loss during the
melting was negligible. Powder x-ray diffraction data
confirmed the α-Mn crystal structure and the phase pu-
rity of the samples. A low (χdc = 5.8 × 10−4), nearly
temperature independent normal-state dc susceptibility
indicates there are no magnetic impurities from the Zr.
The normal and superconducting states of Re6Zr were
characterized by magnetization M , ac susceptibility χac,
ac resistivity ρ, and heat capacity C measurements. The
dc magnetization measurements were performed as a
function of temperature T at fixed field or as a func-
tion of applied magnetic field µ0H at a fixed temperature
in a Quantum Design Magnetic Property Measurement
System (MPMS) magnetometer in temperatures ranging
from 1.8 to 300 K and under magnetic fields up to 5 T.
The ac susceptibility measurements were also performed
in a Quantum Design MPMS with an ac applied field of
0.3 mT and a frequency of 30 Hz in dc magnetic fields up
to 5 T. For field-dependent magnetization studies an Ox-
ford Instruments vibrating sample magnetometer (VSM)
was used with magnetic fields up to 10 T. Heat capac-
ity was measured using a two-tau relaxation method in
a Quantum Design Physical Property Measurement Sys-
tem (PPMS) at temperatures ranging from 1.9 to 300 K
in magnetic fields up to 8 T. Lower-temperature measure-
ments down to 0.5 K were carried out with a 3He insert.
The samples were attached to the measuring stage us-
ing Apiezon R© N grease to ensure good thermal contact.
Electrical resistivity measurements were made using a
conventional four-probe ac technique with a measuring
frequency of 113 Hz and a current of 5.1 mA in a Quan-
tum Design PPMS. The measurements were performed
at temperatures ranging from 1.9 to 300 K in magnetic
fields up to 9 T. The shape of the sample used for the
majority of the measurements was a rectangular prism to
allow the demagnetization factor to be evaluated35 and
minimized along one direction.
III. RESULTS AND DISCUSSION
A. Electrical resistivity
Figure 1(a) shows the resistivity as a function of tem-
perature ρ (T ) of a polycrystalline Re6Zr sample from 2
to 300 K in zero field. The small value of the residual
resistivity ratio, RRR ≡ ρ(300 K)/ρ(10 K) ≈ 1.09, and
the high normal-state resistivity at 10 K indicate poor
metallic behavior. This is comparable to other Re com-
pounds such as Re6Hf with a RRR quoted from 1.08 to
1.436,37, Re24Ti5 with RRR ∼ 1.338, and Nb0.18Re0.82
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FIG. 1: (a) Resistivity versus temperature ρ (T ) of Re6Zr in
the range 1.8 ≤ T ≤ 250 K measured in zero applied magnetic
field. The midpoint of the resistivity drop was taken as the
transition temperature. (b) ρ (T ) below 7.5 K shows the sup-
pression of the transition temperature under various applied
fields µ0H from 0 to 9 T. (c) ρ (T ) data in the normal state
fitted with the parallel-resistor model over the temperature
range 10 to 290 K.
with RRR ∼ 1.316. A sharp, zero-field superconducting
transition (∆Tc = 0.20 K) can be seen clearly in Fig. 1(b)
at Tc = (6.76± 0.05) K. Tc is gradually suppressed with
increasing applied magnetic field [see Fig. 1(b)] and the
transition is broadened so that ∆Tc = 0.28 K at 9 T.
At temperatures greater than ∼ 50 K the ρ (T ) of
Re6Zr is seen to flatten. This characteristic is similar
3to that seen in many superconductors containing d-block
elements including BiPd39. It has been proposed that in
certain compounds at high temperatures the resistivity
saturates at a value that corresponds to the mean free
path on the order of the inter-atomic spacing40. This
idea was further developed by Wiesmann et al.41 who
found empirically that ρ (T ) could be described by the
parallel-resistor model:
ρ(T ) =
[
1
ρsat
+
1
ρideal (T )
]−1
, (1a)
where ρsat is the saturated resistivity at high tempera-
tures and is independent of T , and ρideal(T ) is the “ideal”
contribution which according to Matthiessen’s rule is:
ρideal (T ) = ρideal,0 + ρideal,L (T ) . (1b)
Here ρideal,0 is the ideal temperature-independent resid-
ual resistivity and ρideal,L (T ) is the temperature-
dependent contribution which can be expressed by the
generalized Bloch-Gru¨neisen model42
ρideal,L (T ) = C
(
T
ΘR
)n
×
∫ ΘR/T
0
xn
(ex − 1) (1− e−x)dx, (1c)
where ΘR is the Debye temperature obtained from re-
sistivity measurements, C is a material-dependent pre-
factor and n = 3 − 5 depending on the nature of the
carrier scattering. Fig. 1(c) shows the normal-state re-
sistivity data from 10 to 290 K fit using Eq. 1a. It was
found that a value of n = 3, which takes into account
umklapp scattering between bands, achieved the best fit
giving ρsat = (167± 2) µΩ cm, C = (315± 6) µΩ cm
and ΘR = (237± 2) K. The measured residual resistiv-
ity, ρ0 = (142± 2) µΩ cm, which is related to ρideal,0
and ρsat by
ρ0 =
ρideal,0ρsat
ρideal,0 + ρsat
, (2)
is consistent with the values of the fit. This electrical
resistivity data is in close agreement with that previously
reported in Ref. 43.
B. Heat capacity
The temperature dependence of the heat capacity di-
vided by temperature, C/T , versus T 2 from 2 to 10 K is
shown in Fig. 2(a), where a sharp jump at (6.75± 0.05) K
indicates a bulk superconducting transition. The sharp-
ness of this peak gives an indication of the high quality
of the sample. We analyzed the normal-state data C/T
versus T 2 between 4.4 and 10 K at µ0H = 0 T using
C/T = γn + β3T
2 + β5T
4, (3)
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FIG. 2: (a) C/T versus T 2 in different applied fields (µ0H
in teslas), showing the suppression in Tc for increasing field.
(b) C/T versus T 2 with µ0H = 0 and 8 T. The line is
a fit using C/T = γn + β3T
2 + β5T
4 for all the C (T )
data collected above Tc (H) in the different applied fields.
The normal-state electronic contribution to the specific heat
γn = (26.9± 0.1)mJ mol
−1 K−2, and the Debye temperature
ΘD = (338± 9) K. (c) C versus T from 10 to 300 K. The line
shows the fit using Eq. (5a), the Debye-Einstein function. The
residual plot underneath indicates the quality of the fit using
the Debye-Einstein function to the data.
where γn is the normal state Sommerfeld electronic-
heat-capacity contribution, β3 is the Debye law lattice-
heat-capacity contribution, and β5 is from highe- order
lattice contributions. A fit using Eq. (3) can be seen in
Fig. 2(b) which gives γn = (26.9± 0.1) mJ mol−1 K−2,
β3 = (0.35± 0.02) mJ mol−1 K−4 and
β5 = (1.2± 0.3) µJ mol−1 K−6. The Debye tem-
4perature, ΘD, can then be calculated using
ΘD =
(
12π4RN
5β
)1/3
, (4)
where R is the molar gas constant andN is the number of
atoms per unit cell. Eq. 4 gives ΘD = (338± 9) K which
is slightly higher than the previously reported value34.
Figure 2(c) shows the temperature dependence of the
heat capacity up to 300 K. There is no sign of any struc-
tural phase transition, and the value of C at 300 K is
169.5 J mol−1 K−1, which is close to classical Dulong-
Petit value for Re6Zr of 174.6 J mol
−1 K−1 and is con-
sistent with ΘD > 300 K. We fit the normal-state data
using a Debye-Einstein function. It was found that by in-
cluding the additional Einstein term to the Debye model
for lattice heat capacity the fit could be significantly im-
proved. Figure 2(c) shows heat-capacity data from 10 to
300 K, which was fit with44
C(T ) = γnT + nδCDebye
(
T
ΘD
)
+ n(1− δ)CEinstein
(
T
TE
)
, (5a)
where δ is the fractional contribution of CDebye, n is the
number of atoms in a formula unit (f.u.), CDebye is given
by
CDebye
(
T
ΘD
)
= 9R
(
T
ΘD
)3 ∫ ΘD/T
0
x4ex
(ex − 1)2 dx, (5b)
and CEinstein is given by
CEinstein
(
T
TE
)
= 3R
z2ez
(ez − 1)2 , (5c)
where z = TE/T and TE is the Einstein temper-
ature. The fit was performed using a fixed value
γn = 26.9 mJ mol
−1K−2 to help reduce the number of
free parameters. We obtained δ = 0.912 ± 0.002, ΘD =
(258± 1) K, and TE = (652± 12) K. The difference be-
tween ΘD and ΘR is also expected due to the limitations
of the parallel-resistor model.
In Fig. 2, at very low temperatures, an upturn in C/T
appears in magnetic fields above 6 T. This anomalous
contribution to the specific heat is proportional to T−2,
which suggests that it is due to the high-temperature tail
of a nuclear Schottky anomaly. The specific heat of the
measured Re6Zr can be expressed as
C(T,B) = Cel(T,B) + Cph(T ) + Chf(T,B), (6)
where Cel is the electronic contribution, Chf is the Schot-
tky contribution, and Cph is the phonon contribution.
The high-temperature approximation of the nuclear hy-
perfine contribution to the specific heat was modeled by
Chf = A0T
−2, where A0 is a field-dependent parameter.
A0 is estimated to be ∼ 1.4 mJ K mol−1 at 8 T, which
is consistent with the value previously obtained for pure
rhenium45,46. The results of this analysis raise a note of
caution.
A hyperfine contribution to the specific heat has
also been seen in other Re-based α-Mn compounds,
Nb0.18Re0.82
47 and Re6Hf
37, as well as in pure Re45,46,
indicating that a Schottky anomaly may always be
present in Re-based superconductors at low tempera-
tures. Mazidian et al. demonstrated that in order to
establish the presence of point or line nodes in the su-
perconducting gap, the heat capacity needs to be fit be-
low Tc/10
48. Modifications by a magnetic field below
Tc to both Cel(T,B) and Chf(T,B) mean that a precise
evaluation of the temperature dependence of the elec-
tronic specific heat and hence the gap structure in all
Re-based NCS superconductors, including those with an
α-Mn structure, may be challenging, as this will require
an accurate evaluation of the hyperfine contribution to
the specific heat.
C. Magnetization and lower critical field
Figure 3(a) shows the dc susceptibility data χdc (T )
taken in zero-field-cooled warming (ZFCW) and field-
cooled cooling (FCC) modes in an applied field of 1 mT.
These data confirm that Re6Zr is a superconductor with
Tc = (6.70± 0.05) K. The sample exhibits a full Meiss-
ner fraction for the ZFCW. There is almost no flux ex-
pulsion on re-entering the superconducting state during
FCC. The strong pinning is consistent with a disordered
system. Magnetization versus field sweeps in low fields (0
to 16 mT) at several temperatures are shown in Fig. 3(b).
The lower critical field, Hc1 (T ), is determined from the
first deviation from linearity of the initial slope as the
field is increased. In Fig. 3(c) the resulting Hc1 (T ) val-
ues are plotted against temperature. Ginzburg-Landau
(GL) theory gives
Hc1(T ) = Hc1(0)
[
1−
(
T
Tc
2)]
. (7)
Fitting the data using Eq. (7), Hc1 (0) was estimated to
be (10.3± 0.1) mT.
The ac susceptibility versus temperature measure-
ments χac (T ) shown in Fig. 4 confirm the superconduct-
ing transition of Tc = (6.70± 0.05) K. In dc bias fields
less than Hc1 (0) the sample exhibits a full Meissner frac-
tion. The out-of-phase component of the ac susceptibility
χ′′(T ) contains a sharp maximum close to Tc and falls to
zero for lower temperatures. This is consistent with the
strong flux pinning seen in the low-field FCCM (T ) data.
For applied fields much greater than Hc1 (0), Tc is sup-
pressed, and a full Meissner fraction is not seen due to
partial flux penetration. An anomalous dip can be seen
close to Tc, suggesting flux is being reexpelled from the
sample due to unusual flux dynamics. At lower tempera-
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FIG. 3: (a) Temperature dependence of the dc magnetic
susceptibility χdc (T ) collected in zero-field-cooled warming
(ZFCW) and field-cooled cooling (FCC) modes in an ap-
plied field of µ0H = 1 mT. (b) Lower critical field Hc1
versus temperature for Re6Zr. The Hc1 values were taken
as the fields at which initial magnetization versus field data
shown in Fig. 3(b) first deviate from linearity (as shown in
the inset). The solid line shows the fit using Eq. (7) giving
µ0Hc1(0) = (10.3± 0.1) mT.
ture, χ′′(T ) exhibits a broad maximum, indicating losses
due to flux motion in dc applied fields µ0H ≥ 2 T.
Further evidence of unusual flux pinning in Re6Zr can
be seen in the M (H) loops taken in the both the super-
conducting quantum interference device (SQUID) mag-
netometer and the VSM (see Fig. 5), suggesting that the
observed features cannot simply be attributed to the sig-
nificant movement of the sample in a magnetic field or the
magnetic field sweep rate. As is evident from Fig. 5(a),
aboveHc1, Re6Zr exhibits the conventional behavior for a
type-II superconductor, with a hysteresis in the magneti-
zation ∆M decreasing with increasing temperature and
magnetic field. For applied fields close to Hc2 (T ) this
hysteresis ∆M disappears, and the magnetization be-
comes reversible as vortices appear to become unpinned.
The inset in Fig. 5(a) shows how this irreversibility field
HIrr varies with temperature. These data were collected
using a plate-shaped sample with the field applied in the
plane of the plate, i.e., with the demagnetization factor
of the sample minimized. By changing the sample ori-
entation with respect to the applied field a change in
vortex pinning is observed, as can be seen in Figs. 5(b)
and 5(c), where the demagnetization factor was maxi-
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FIG. 4: (a) Imaginary part of ac susceptibility versus temper-
ature χ′′ (T ) in various dc applied fields. (b) Real part of ac
susceptibility versus temperature χ′ (T ) at various dc applied
fields. In zero dc field, a sharp superconducting transition can
be seen at (6.70± 0.05) K. In fields above Hc1 (0) an anoma-
lous dip in the magnetization is seen close to the transition
temperature.
mized. In Figs. 5(b) and 5(c) a clear secondary maxi-
mum (fishtail) is observed. As the sample is cooled, there
is a slight shift to higher magnetic field in the onset and
the peak of the fishtail. This behavior is not normally
observed in low-Tc superconductors but is quite common
in the high-Tc oxides and in some two-dimensional su-
perconducting materials, indicating unconventional vor-
tex states. The symmetry of the hysteresis in the field-
increasing and field-decreasing legs of the M (H) curves
suggests that bulk pinning rather than surface barriers
may be the dominant mechanism leading to the fishtail.
Assuming the superconducting critical current is propor-
tional to ∆M , the maximum pinning force in the field
range 1 to 3 T, as reflected in the fishtail, appears to be
almost temperature independent between 3 and 5 K. It
is suggested that the unusual vortex states arise from the
normal pinning centers such as grain boundaries within
the sample. A detailed study on the vortex states in
high-quality single crystals of Re6Zr is needed to explore
the vortex physics further.
D. Superconducting gap
The jump in specific heat in zero field indicates the
onset of bulk superconductivity. The transition temper-
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FIG. 5: (a) Magnetization vs magnetic field at several tem-
peratures for Re6Zr. The data were collected in a VSM on a
plate-shaped sample with the demagnetization factor of the
sample minimized. The inset shows how HIrr varies with tem-
perature. (b) Magnetization vs. magnetic field at several
temperatures collected in a vibrating sample magnetometer
with the demagnetization factor of the Re6Zr sample maxi-
mized. A secondary maximum (fishtail) can clearly be seen
in the magnetization at around 1.25 T. The left inset shows
the 5 and 6 K curves between 0 and 3.5 T. HIrr and Hc2 are
indicated in the right inset showing the 3.5 K curve between 2
and 10 T. (c) Magnetization vs magnetic field at several tem-
peratures collected in the SQUID magnetometer. The fishtail
can also be clearly seen in a magnetic field of ∼ 1.25 T.
ature is defined as the midpoint of the transition, giving
Tc = (6.75± 0.05) K. The data in Fig. 6(a) were fit using
the BCS model of the specific heat given in Ref. 49. The
0
4
8
12
0.0 0.5 1.0 1.5 2.0
-0.6
0.0
0.6
 
 
C
el
 +
 C
hf
(m
J m
ol
-1
 K
-1
)
 ~exp(a/T )
 ~T 5.8
 ~T 3
 ~T 2
 
Re
sid
ua
ls
(m
J m
ol
-1
 K
-1
)
T (K)
0 2 4 6 8 10
0
200
400
600
800
 BCS theory
 Normal state
C 
(m
J m
ol
-1
 K
-1
)
T (K)
C/ nTc = 1.60  0.02
(b)
0.5 0.7 3 5 71
0.1
1
10
100
C 
(m
J m
ol
-1
 K
-1
)
T (K)
(a)
FIG. 6: (a) Heat capacity versus temperature in zero field
for Re6Zr across the superconducting transition. The red line
shows a fit across the superconducting transition for a fully
gapped superconductor as described in Sec. IIID. The inset
shows the heat capacity across the superconducting transi-
tion on a log-log scale. From this it can be see that the data
are very well fit by the isotropic s-wave BCS model. (b)
Electronic heat capacity Cel versus temperature below 2.5 K
showing various power laws (anisotropic gap) and an expo-
nential (isotropic gap) fit to the low-temperature data. The
χ2 and residuals shown are for the exponential fit.
entropy S was calculated from
S
γnTc
= − 6
π2
∆0
kBTc
∫ ∞
0
[f lnf + (1− f) ln (1− f)] dy,
(8)
where f is the Fermi-Dirac function given by
f = [1 + exp (E/kBT )]
−1
and E = ∆0
√
y2 + δ(T )2,
where y is the energy of the normal-state electrons and
δ(T ) is the temperature dependence of the superconduct-
ing gap calculated from the BCS theory. The specific
heat of the superconducting state is then calculated by
Csc
γnTc
= T
d(S/γnTc)
dT
. (9)
The superconducting gap ∆0/kBTc was estimated to
be 1.86 ± 0.05, which is in agreement with Ref. 34.
For conventional BCS superconductors a value of 1.76
is expected, and the larger value for Re6Zr indicates
that the electron-phonon coupling is slightly enhanced.
∆C/γnTc = 1.60± 0.02 is also larger than the 1.43 ex-
pected for conventional BCS superconductors and agrees
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FIG. 7: Upper critical field versus temperature of Re6Zr de-
termined from the electrical resistivity, heat capacity, and
magnetization data. The black curve shows the prediction
for Hc2 (T ) from the WHH model. For comparison HIrr (T )
from Fig. 5(b) is included. HIrr (T ) can be seen to diverge
away from Hc2 (T ) close to Tc and then stay a constant dis-
tant from Hc2 (T ) down to 1.5 K.
with the values reported in Refs. 34 and 43. A fit was
also attempted using a two-gap model, but it was found
that ∆0/kBTc for the two gaps iterated to the same value,
indicating that the material has a single gap.
To determine whether the superconducting gap is
isotropic (exponential) or anisotropic (power law) it is
necessary to determine the temperature dependence of
the electronic component of the heat capacity down to
low temperature, as shown in Fig. 6(b). Due to the dif-
ficulties in approximating the zero-field hyperfine contri-
bution in the specific heat this contribution has also been
included in Fig. 6(b). Figure 6(b) shows fits to several
power laws of the form b×TN , where b is a constant. Set-
ting N = 2 or 3 the fits are poor, while N = 5.8 gives
a good fit to the data, although this provides no physi-
cal insight. The (Cel + Chf) data are best described by
an exponential temperature dependence, suggesting an
isotropic fully gapped s-wave BCS superconductor. To
obtain the true nature of the superconducting gap heat-
capacity data well below Tc/10 need to be analyzed
48.
From Fig. 6(a) it can be seen that the specific heat is
rather low. A more complete understanding of the hy-
perfine term is required to make any further progress
with this analysis. Nuclear quadrupole measurements
have also been performed on Re6Zr and provide further
evidence of a conventional BCS gap symmetry50.
E. Upper critical field
In order to measure the upper critical field as a func-
tion of temperature Hc2 (T ), the shift in Tc in magnetic
fields of up to 9 T was determined from heat-capacity
and resistivity data.
Figure 7 shows how Hc2 varies with T . At tempera-
tures just below Tc it is clear that Hc2 increases linearly
with decreasing T , and this indicates that the tempera-
ture dependence of Hc2 given by the Ginzburg-Landau
formula is not appropriate. Instead, the Werthamer-
Helfand-Hohenberg (WHH) model was used. This allows
Hc2 (0) to be calculated in terms of the spin-orbit scat-
tering and Pauli spin paramagnetism51, as it is expected
that spin-orbit coupling may be strong due to the pres-
ence of the rhenium. Hc2 (T ) can be found by solving
ln
(
1
t
)
=
(
1
2
+
iλso
4γ
)
ψ
(
1
2
+
h¯+ 12λso + iγ
2t
)
+
(
1
2
− iλso
4γ
)
ψ
(
1
2
+
h¯+ 12λso + iγ
2t
)
− ψ
(
1
2
)
,
(10)
where t = T/Tc, λso is the spin-orbit scattering parame-
ter, αM is the Maki parameter, ψ is the digamma func-
tion, h¯ is the dimensionless form of the upper critical field
given by
h¯ =
4Hc2
π2
(
dHc2
dT
)−1
t=1
, (11)
and γ =
√
(αh¯)2 − (12λso)2. It is estimated that
µ0Hc2 (0) = (11.2± 0.2) T, close to the value reported
by Ref. 34 but below the Pauli paramagnetic limiting
field µ0HPauli of (12.35± 0.09) T.
The WHH expression has three variables: the Maki
parameter αM, the spin-orbit scattering parameter λso,
and the gradient at Tc. In their original work
51, WHH
state that αM is not an adjustable parameter and needs
to be obtained from experimental data; thus, αM was not
varied during the fitting.
The Maki parameter can be estimated experimentally
by using the WHH expression
αM =
√
2
Horbc2 (0)
HPaulic2 (0)
, (12)
where Horbc2 is the orbital limiting field given by
Horbc2 (0) = −αTc
−dHc2(T )
dT
∣∣∣∣
T=Tc
, (13)
where α is the purity factor, which for superconduc-
tors in the dirty limit is 0.693. The initial slope
−dHc2(T )/dT |T=Tc was found to be 2.44 T/K, giving
µ0H
orb
c2 (0) = (11.41± 0.05) T. From Eq. (12) we obtain
αM = 1.31, and the relative size of the Maki parameter
indicates that the Pauli limiting field is non-negligible.
Fixing αM = 1.31 produced λso = 18± 5. It was found
that this model is highly dependent on the starting val-
ues as an equally good fit, as judged by the reduced
χ2, could be obtained by allowing the Maki parameter
to vary. αM was found to drift towards zero in nearly
all cases along with λso, which would also tend to zero
when allowed to vary. Unsurprisingly, the initial gradient
8−dHc2(T )/dT |T=Tc was found to remain constant within
error.
In the first case with αM fixed, the value for the spin-
orbit term seems unusually large. There are several rea-
sons why the WHH model may misrepresent what is
happening in the system: (1) Two-gap superconductor.
While the analysis of the superconducting gap was as-
sumed to be a single gap it is possible that Re6Zr is a
two-gap superconductor where the gaps are of a similar
magnitude, and this would give rise to some enhancement
of Hc2
52. (2) Granularity. The polycrystalline sample of
Re6Zr will contain grain boundaries. The upper critical
field will be increased above the bulk value once the grain
size becomes smaller than the coherence length53 (the
grain size is unknown, so contributions from this source
are unclear). (3) Spin-orbit coupling. Strong spin-orbit
coupling effects can yield large enhancements ofHc2 such
that the temperature dependence of Hc2 can become lin-
ear, although in the dirty limit this enhancement should
be weaker54. In order to obtain a more accurate value
for µ0Hc2 (0) high-field, low-temperature measurements
of Hc2 are needed in order to determine the form of the
µ0Hc2 (T ) curve much closer to T = 0 K.
F. Properties of the superconducting state
The results of resistivity, heat-capacity, and magneti-
zation measurements can now be combined in order to
estimate some of the important superconducting proper-
ties of Re6Zr. The Ginzburg-Landau coherence length
ξGL(0) can be estimated using µ0Hc2 (0) from
55
Hc2 (0) =
Φ0
2πξ2GL(0)
, (14)
where Φ0 = 2.07 × 10−15 Wb is the magnetic flux
quantum. We calculate ξGL(0) = (5.37 ± 0.09) nm.
µ0Hc1 (0) and ξGL(0) can be used to calculate the
Ginzburg-Landau penetration depth λGL (0) from the re-
lation
Hc1 (0) =
(
Φ0
4πλ2GL(0)
)
ln
(
λGL(0)
ξGL(0)
)
. (15)
Using µ0Hc1 = 10.3 mT and ξGL(0) = 5.37 nm, we cal-
culated λGL(0) = (247± 4) nm. The Ginzburg-Landau
parameter can now be calculated by the relation
κGL =
λGL(0)
ξGL(0)
. (16)
This yields a value of κGL = 46.2 ± 0.8. For a su-
perconductor to be classed as a type-II superconductor
κGL ≥ 1√2 . It is clear that Re6Zr is a strong type-II
superconductor.
The thermodynamic critical field Hc can be calculated
using ξGL(0) and λGL(0) using the relation
Hcalc (0) =
Φ0
2
√
2πξGL(0)λGL(0)
, (17)
from this Hcalc (0) is estimated to be (175± 3) mT. The
thermodynamic critical field can be experimentally esti-
mated from the difference between the free energies per
unit volume of the superconducting and normal states
∆F by55
H2c (T )
8π
= ∆F =
∫ T
Tc
∫ T ′
Tc
Cs − Cn
T ′′
dT ′′dT ′, (18)
where Cs and Cn are the heat capacities per unit volume.
From Eq. (18) we obtain Hexpc (0) = (130± 2) mT.
In order to calculate the electronic mean free path and
London penetration depth in Re6Zr the Sommerfeld co-
efficient can be written as56
γn =
(π
3
)2/3 k2Bm∗Vf.u.n1/3
~2NA
, (19)
where kB is the Boltzmann constant, NA is the Avogadro
constant, Vf.u. is the volume of a formula unit, m
∗ is the
effective mass of quasiparticles, and n is the quasiparticle
number density per unit volume. The electronic mean
free path ℓe can be estimated from the residual resistivity
ρ0 by the equation
ℓe =
3π2~3
e2ρ0m∗2ν2F
, (20)
where the Fermi velocity νF is related to the effective
mass and the carrier density by
n =
1
3π2
(
m∗νF
~
)3
. (21)
In the dirty limit the penetration depth is given by
λGL(0) = λL
(
1 +
ξ0
ℓe
)1/2
, (22)
where ξ0 is the BCS coherence length and λL is the Lon-
don penetration depth, which is given by
λL =
(
m∗
µ0ne2
)1/2
. (23)
The Ginzburg-Landau coherence length is also affected
in the dirty limit. The relationship between the BCS
coherence length ξ0 and the Ginzburg-Landau coherence
ξGL at T = 0 is
ξGL(0)
ξ0
=
π
2
√
3
(
1 +
ξ0
ℓe
)−1/2
. (24)
Equations (19) - (24) form a system of four equations.
To estimate the parameters m∗, n, ℓe, and ξ0 this sys-
tem of equations can be solved simultaneously using the
values γn = 26.9 mJ mol
−1 K−2, ξGL = 5.37 nm,
and ρ0 = 142µΩ cm. For comparison, two values of
λGL have been used; 247 nm is taken from Eq. (15), and
356 nm is taken from the µSR study in Ref. 34. The
9TABLE I: Comparison of electronic properties of Re6Zr for
λGL (Hc1) and λGL (µSR).
Property Units Hc1 µSR
λGL(0) nm 247 356
m∗/me 10.1± 0.1 12.9 ± 0.02
m∗band/me 6.0± 0.1 7.7± 0.1
n 1027m−3 15.2± 0.2 7.4± 0.1
ξ0 nm 3.28± 0.5 3.70 ± 0.05
ℓe nm 1.45 ± 0.02 2.36 ± 0.03
ξ0/ℓe 2.25 ± 0.03 1.56 ± 0.02
λL nm 136± 2 222± 3
νF m s
−1 88000 ± 1000 54000 ± 800
TF K 2570 ± 40 1240± 20
Tc/TF 0.0026 ± 0.0001 0.0054 ± 0.0001
results are shown in Table I. From the mean free path ℓe
calculated in Eq. (20) and ξ0 calculated in Eq. (24), it is
clear that ξ0 > ℓe, indicating that Re6Zr is in the dirty
limit. We find that these values are in close agreement
with those previously reported for Re6Zr
43.
The bare-band effective mass m∗band can be related to
m∗, which contains enhancements from the many-body
electron-phonon interactions57
m∗ = m∗band (1 + λel−ph) , (25)
where λel−ph is the electron-phonon coupling constant.
The electron-phonon coupling constant gives the strength
of the interaction between electron and phonons in su-
perconductors. This can be estimated from McMillan’s
theory58 from ΘD and Tc,
λel−ph =
1.04 + µ∗ ln (ΘD/1.45Tc)
(1− 0.62µ∗) ln (ΘD/1.45Tc)− 1.04 , (26)
where µ∗ is the repulsive screened Coulomb parameter,
which can have a value between 0.1 and 0.15 but for in-
termetallic superconductors a value of 0.13 is typically
used. Using Tc and ΘD taken from Fig. 2(b), a value
of λel−ph = 0.67 ± 0.02 is obtained, suggesting this a
moderately coupled superconductor. Using this value
of λel−ph and Eq. (25) a value for m∗band can be found,
as seen in Table I. Recently, these parameters have also
been determined for the related compound Re6Hf
36,37.
By substituting Zr by Hf the spin-orbit coupling should
be enhanced, and it was hoped that this would provide
an increase in the contribution of the spin-triplet com-
ponent in the superconducting ground state. From the
measurements performed in Refs. 36 and 37 it is clear
that Re6Hf and Re6Zr are very similar and that the spin-
orbit-coupling strength seems to have little effect on the
properties of polycrystalline samples at least. Uemura et
TABLE II: Normal-state and superconducting properties of
Re6Zr.
Re6Zr property Units Value
Tc K 6.75 ± 0.05
ρ0 µΩ cm 142± 2
ρsat µΩ cm 167± 1
ΘR (from resistivity) K 237± 2
ΘD (from Sommerfeld coefficient) K 338± 9
ΘD (from Debye-Einstein fit) K 258± 1
TE K 652 ± 12
γn mJ mol
−1K−2 26.9± 0.1
β3 mJ mol
−1K−4 0.35 ± 0.02
β5 µJ mol
−1K−6 1.6± 0.1
λel−ph 0.67 ± 0.02
∆C/γnTc 1.60 ± 0.02
∆0/kBTc 1.86 ± 0.05
µ0Hc1 (0) mT 10.3± 0.1
µ0Hc2 (0) T 11.2± 0.2
µ0H
cal
c (0) mT 175± 3
µ0H
exp
c (0) mT 130± 2
µ0H
orbital
c2 (0) T 11.41 ± 0.05
µ0H
Pauli
c2 (0) T 12.35 ± 0.09
ξGL (0) nm 5.37 ± 0.09
λGL (0) nm 247± 4
κGL (0) 46.2± 0.8
al. have described a method for classifying superconduc-
tors based on the ratio of the critical temperature Tc to
the effective Fermi temperature TF
59. The values of m∗
and n taken from Table I can used to calculate an effec-
tive Fermi temperature for Re6Zr using
kBTF =
~
2
2m∗
(
3π2n
)2/3
, (27)
and the result is presented in Table I. It has been ob-
served that the high-Tc, organic, heavy-fermion, and
other unconventional superconductors lie in the range
0.01 ≤ Tc/TF ≤ 0.159–61. However, Re6Zr lies outside
of the range for unconventional superconductivity, sup-
porting the view that the superconducting mechanism is
primarily conventional.
IV. SUMMARY
In summary, single-phase polycrystalline samples of
Re6Zr were prepared by the arc-melting technique. Pow-
der x-ray diffraction data confirmed the cubic, noncen-
trosymmetric α-Mn crystal structure and the phase pu-
10
rity of the samples. The normal-state and superconduct-
ing properties of Re6Zr were studied using magnetiza-
tion, heat-capacity, and resistivity measurements. We
have established that Re6Zr is a moderately coupled su-
perconductor with a transition at Tc = (6.75± 0.05) K.
In the normal state, resistivity measurements show that
Re6Zr has poor metallic behavior that is dominated by
disorder. We showed that it is possible to fit these
data with a parallel-resistor model that considers con-
tributions in addition to the electron-phonon interac-
tions. Specific-heat measurements of the normal state
reveal no indication of any structural phase transitions
down to low temperature and were fit using a simple
Debye-Einstein function. The jump in specific heat at Tc
is ∆C/γnTc = 1.60± 0.02, while C (T ) below Tc was fit
using the BCS model, giving ∆0/kBTc = 1.86 ± 0.05.
Both values are well above those expected for a con-
ventional BCS superconductor, suggesting the electron-
phonon coupling is enhanced in this system. The mean
free path ℓe is estimated to be (1.45± 0.02) nm. The
best approximation forHc2 (0) was found using the WHH
model. From Hc2 (0) the coherence length was calculated
with ξGL (0) = (5.37± 0.09) nm, confirming that Re6Zr
is in the dirty limit. Using the magnetization data, it was
possible to estimate µ0Hc1 (0) = (10.3± 0.1) mT and so
calculate the penetration depth λGL (0) = (247± 4) nm.
The Ginzburg-Landau coefficient κGL (0) = 46.2 ± 0.8
confirmed that Re6Zr is a strong type-II superconductor.
A summary of all the experimentally measured and es-
timated parameters is given in Table II. From our mea-
surements we can conclude the superconducting order
parameter is well described by an isotropic gap with s-
wave pairing symmetry and enhanced electron-phonon
coupling, despite the observation of spontaneous mag-
netization associated with TRS breaking being observed
at temperatures below the superconducting transition in
previous work34. This suggests Re6Zr has a supercon-
ducting ground state that features a dominant s-wave
component, while the exact nature of the triplet com-
ponent is undetermined. In order to determine if the su-
perconductivity is nonunitary, further experimental work
on high-quality single crystals, as well as further analy-
sis of “clean” and “dirty” samples to examine the role
grain boundaries and impurities play in determining the
superconducting behavior of Re6Zr, is vital.
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